Degeneration, inflammation, regeneration, and pain/disability in dogs following destabilization or articular cartilage grooving of the stifle joint  by Frost-Christensen, L.N. et al.
Osteoarthritis and Cartilage (2008) 16, 1327e1335
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.joca.2008.03.013
International
Cartilage
Repair
SocietyDegeneration, inﬂammation, regeneration, and pain/disability in dogs
following destabilization or articular cartilage grooving of the stiﬂe joint
L. N. Frost-Christensen D.V.M.y, S. C. Mastbergen Ph.D.z*, M. E. Vianen B.Sc.z, A. Hartogx,
J. DeGroot Ph.D.k, G. Voorhouty, A. M. C. van Weesy, F. P. J. G. Lafeber Ph.D.z and
H. A. W. Hazewinkel D.V.M., Ph.D.y
yDepartment of Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine,
Utrecht University, Utrecht, The Netherlands
zDepartment of Rheumatology and Clinical Immunology, University Medical Centre Utrecht,
Utrecht, The Netherlands
xDepartment of Pharmacology and Pathophysiology, Utrecht University, Utrecht, The Netherlands
kBusiness Unit Biomedical Research, TNO Quality of Life, Leiden, The Netherlands
Summary
Objective: The most used model for joint instability is the canine anterior cruciate ligament transection (ACLT)-model. The ACLT-model can be
extended with a medial meniscectomy (MX) (i.e., ACLTeMX-model) to avoid unintentional, and with that variable, meniscal damage. The
present study compares the ACLTeMX-model with the more recently introduced Groove-model on longitudinal measurements of osteophyte
formation and gait as a surrogate marker of pain and disability, in addition to structural endpoint parameters.
Methods: Degenerative joint damage was induced Labrador dogs according to the ACLTeMX-model (n¼ 7) or Groove-model (n¼ 7). Every 4
weeks radiographs were taken to analyze osteophyte formation. Every 2 weeks gait was recorded using force-plate analysis. Joints were
analyzed for features of degeneration 12 weeks after surgery.
Results: Both models showed similar osteophyte formation and gait changes for both experimental and contra-lateral control joints, although
more pronounced for the ACLTeMX-model. This was supported by the structural endpoint measurements. Cartilage integrity, chondrocyte
activity and synovial inﬂammation revealed similar characteristics of degenerative joint disease in both groups, again more pronounced in
the ACLTeMX-model.
Conclusions: The ACLTeMX-model demonstrates characteristics of joint degeneration that are related to moderate to severe osteoarthritis
with clear synovial inﬂammatory activity. The Groove-model is a less painful and a signiﬁcantly milder model of joint degeneration. The latter
model might be more suitable to study subtle changes as a result of intervention than the more robust ACLTeMX-model.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Osteoarthritis is clinically characterized by joint pain and
stiffness, and therefore as a consequence with functional
disability. Structural changes that underlie these characteris-
tics are diverse and include changes in integrity of cartilage, in
peri-articular bone matrix, in synovial tissue, and in peri-
articular soft tissues1,2. In humans, the clinical parameters
of osteoarthritis such as pain, stiffness, and functional ability,
can be measured relatively simple; i.e., using validated
questionnaires3. In contrast, evaluation of structural changes
demands a much greater effort since in vivo joint tissues
cannot easily be evaluated by histological or biochemical
techniques. Instead, imaging techniques4 and biomarker*Address correspondence and reprint requests to: Dr S. C.
Mastbergen, Department of Rheumatology and Clinical
Immunology (F02.127), University Medical Centre Utrecht, PO Box
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1327analyses are needed to obtain information on structural
changes in human osteoarthritic joints. In this respect, joint
space width narrowing on radiographs, although difﬁcult to in-
terpret, is still the golden standard6. Therefore, animal models
of experimentally induced joint degeneration still provide an
important way to evaluate the complex structural changes
underlying the clinical characteristics of osteoarthritis7.
There are particular animal models of choice to study
speciﬁc research aspects, including different aetiologies of
joint degeneration related to osteoarthritis8e12. The large-
animal models have the advantage that joint anatomy and
cartilage composition, both with their speciﬁc characteris-
tics, mimic those of humans more than in small laboratory
animals, such as mouse, rat, guinea pig, and rabbit
models13,14. Small-animal models are restricted to macro-
scopic and histochemical techniques for evaluation,
whereas, large-animal models have the advantage that
they provide more joint tissue for ex vivo evaluation, includ-
ing biochemical characteristics of cells and extra cellular
matrix (ECM), in addition to macroscopic and histochemical
evaluations. This is one of the reasons that the most fre-
quently used model of degenerative, osteoarthritis related,
1328 L. N. Frost-Christensen et al.: Degeneration, inﬂammation, regeneration, and pain/disability in dogsjoint disease is in the canine species13. In addition,
research in dogs offers the possibility to perform gait analy-
ses, as a surrogate marker of pain and functional ability15.
Pain and functional ability are credited as very important
parameters in clinical osteoarthritis research, as these param-
eters, rather than structural changes, force patients to seek
medical attention. In canine models longitudinal changes in
braking, vertical stance, and propelling ground reaction forces
(GRFs) can be evaluated for each leg more objectively and
accurately by force-plate analysis (FPA) than by visual as-
sessments16. Loading of a joint will be inﬂuenced by pain
and functional ability, depending on the stage of the process
of joint degeneration, but conversely, differences in loading of
the joint will inﬂuence cartilage nutrition, chondrocyte activa-
tion, damage17e21, and with that composition and thick-
ness18,19 as well as cartilage repair22.
The most frequently described canine model of osteoar-
thritis related joint degeneration is the anterior cruciate
ligament transection (ACLT)-model7,12,23e29. In the ACLT-
model, joint instability is the driving force in the development
of degenerative features. This model resembles develop-
ment of osteoarthritis in the (human) knee following
traumatic cruciate ligament rupture23,30. In this model joint
degeneration, as a result of acutely altered biomechanics,
is perpetuated by inﬂammatory responses secondary to
the degenerative process and due to the ligament endings
in the joint, triggering an inﬂammatory response14,23,28. An
undesired but relevant consequence of ACLT in dogs is
the chance of secondary damage to the medial meniscus
of the instable joint. In 53e74% of the cases at an unpre-
dictable time point after ACLT, medial meniscal damage
occurs31. This is due to the fact that the canine medial
meniscus is more ﬁrmly attached to the tibia plateau than
the lateral meniscus. Abnormal joint motion will cause shear
forces on this medial meniscus, with consequently its
degeneration and eventually weakening with cleavage lines
or even detachment32. Since meniscal tears or detachment
will coincide with increased lameness, meniscectomy (MX)
should be included in the ACLT-model when gait analysis is
part of the research protocol, to avoid undesired relapse
into more severe lameness33,34. The MX will be a driving
force of joint degeneration as MX on itself is a model of joint
degeneration35. Therefore, a combined ACLT and medial
MX model (i.e., the ACLTeMX-model) is expectedly to be
a robust model of osteoarthritis related joint degeneration.
More recently, a canine model of joint degeneration with
much less severe joint damage is described: the Groove-
model. This model results from surgically applied chondral
damage of the weight bearing cartilage of the femoral con-
dyles combined with forced loading11,36,37. This model
mimics primary cartilage trauma due to, e.g., trafﬁc or
(minor) sport accidents with high risk for clinical symptoms
after an extended period as recognized to be a frequent
cause of degeneration in humans38. The model is distinc-
tive in that the degenerative cartilage changes are progres-
sive while synovial inﬂammation diminishes over time36.
Because of this, evaluation of direct effects of medication
on cartilage is less hampered by a possible anti-inﬂammatory
effect of treatment. Additionally, the model is distinctive be-
cause there is no permanent trigger causing joint damage,
making the model more sensitive to treatment. A permanent
trigger for joint damage, such as joint instability used in the
ACLT(MX)-model, will counteract the possible beneﬁcial ef-
fects of treatment. This makes the Groove-model more suit-
able for testing the therapeutic effect of structure-modifying
osteoarthritis drugs (SMOADSs)/disease-modifying osteo-
arthritis drugs (DMOADSs), whereas the ACLT-model ismore suitable for treatment (combining DMOAD activity)
with anti-inﬂammatory activity, assuming cartilage repair is
possible39e41.
In the present study, the ACLTeMX-model has been
compared with the Groove-model in dogs with a focus on
gait as a surrogate marker of pain and disability.Materials and methodsANIMALSFourteen healthy Labrador Retrievers, 31 15 months, weighting
24 2.5 kg, obtained from a commercial laboratory animal breeding facility,
were divided into two age and weight matched groups. The Utrecht Univer-
sity Ethical Committee for Animal Care and Use approved the study. The
dogs were individually housed in insideeoutside pens, and fed a standard
diet, and obtained water ad libitum.INDUCTION OF JOINT DEGENERATIONJoint degeneration was induced in the right knee according to the ACLT12
with medial MX model (ACLTeMX; n¼ 7)35 and the Groove-model
(n¼ 7)11,36,37. All dogs were anaesthetized according to standard proce-
dures. The unoperated left knee (contra-lateral joint) served as an internal
control. The animals received analgesics (buprenorphine) subcutaneously
four times/day during the ﬁrst 3 days after surgery, and antibiotics (amoxicil-
lin) orally twice/day during the ﬁrst 5 days after surgery. For the ACLTeMX-
model the right knee (experimental joint) was approached through a lateral
para-patellar incision; the anterior cruciate ligament (ACL) was identiﬁed
and excised, and then the medial meniscus was carefully loosened and
removed. Care was taken to minimize bleeding and soft tissue damage
and to avoid damage to the cartilage of the femoral condyles and tibial
plateau. For the Groove-model the right knee (experimental joint) was
approached through a w3 cm medial para-patellar incision. Bleeding and
soft tissue damage was kept to a minimum. Cartilage of the lateral and
medial femoral condyles was grooved (0.5 mm depths) in utmost ﬂexion.
Longitudinal and diagonal grooves were made on the weight bearing parts
of the femoral condyles without damaging the subchondral bone as
described before11,36,37. The latter was conﬁrmed by histology at the end
of the experiment. The menisci and tibial plateau were left untouched.
The joint capsule, subcutis, and skin were closed separately. The dogs
were allowed to recuperate during 2 weeks, followed by exercise on a tread-
mill for 10 and 20 min, for the ACLTeMX- and Groove- model, respectively,
at a speed of 3.3 km/h, 5 days/week. In case of the Groove-model, during the
exercise, the contra-lateral control leg was ﬁxated to the trunk to ensure
sufﬁcient loading of the operated joint, as described before11.DATA COLLECTIONIn a period starting just before and ending 12 weeks after induction, every
2 weeks gait of the animals was evaluated on a force-plate (FP). Every 4
weeks standard medio-lateral and posterioreanterior radiographs were
made, in lateral and ventral recumbency, respectively, of both knees under
sedation. At the end of the experiment, 12 weeks after induction, the dogs
received were euthanized. Both hind legs were amputated immediately
post mortem. High-resolution photographs were taken of cartilage and syno-
vial tissue for macroscopic evaluation. Subsequently synovial tissue and
cartilage of both joints were collected and processed within 2 h. Procedures
were carried out under laminar ﬂow conditions.
Longitudinal measures comprised radiological evaluation of osteophyte
formation and gait (joint load) analyses as a measure of pain and impaired
function.
Endpoint measures consisted of cartilage integrity by macroscopic scor-
ing, histologic scoring, and measurement of cartilage matrix proteoglycan
content. Chondrocyte activity was measured by proteoglycan synthesis
rate, and total proteoglycan release. Synovial inﬂammation was assessed
by macroscopic and histologic grading.
Osteophyte formation was evaluated on radiographs, blinded in random
order on deﬁned locations at the medio-lateral and posterioreanterior views
on femur, tibia, and patella, from absent (0) to severe (3) (maximum score
30)42. Since radiographs were taken with the dogs in lying position, the radio-
graphs did not allow proper joint space width measurements.
Gait pattern as a measure for pain and functional ability was evaluated
longitudinally by FPAs as described previously43. In short: an FP, mounted
ﬂush with the surface of an 11 m walkway, sampled (100 Hz), peak GRFs.
A computer stored signals corresponding with peak braking force (caudal di-
rection), peak propelling force (cranial direction), and peak stance force (ver-
tical direction). Forces were normalized by body weight and time, and
expressed in N/kg. A single handler guided the dogs by leash over the FP,
Table I
Peak GRF baseline values
GRF (gait) (N/kg body weight) Control joint Experimental joint
ACLTeMX Groove P< ACLTeMX Groove P<
Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M.
Mean peak braking force 0.7 0.1 0.7 0.1 ns 0.7 0.1 0.7 0.1 ns
Mean peak propelling force 0.8 0.05 0.9 0.05 ns 0.8 0.1 0.8 0.05 ns
Mean vertical peak stance force 4.2 0.2 4.4 0.2 ns 4.2 0.2 4.4 0.1 ns
Mean (S.E.M.) of the absolute baseline values of the three peak GRFs of the contra-lateral control (control) joint and experimental joint for
the ACLTeMX- and the Groove-model. P Values indicate differences between the ACLTeMX- and the Groove-model.
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sisted of sequential, distinct paw strikes of the right front and hind paw or the
left front and hind paw, respectively. Ten valid runs were collected for each
side of the dog and GRFs were averaged for each of the four legs.
Macroscopic cartilage damage and synovial tissue inflammation were
evaluated on digital high-resolution photographs, by two observers unaware
of the source of the photographs using criteria as described previously44.
The scores of the two observers were averaged for each joint surface (max-
imum score 4) and synovial tissue (maximum score 6).
Histological cartilage damage and synovial tissue inflammation were eval-
uated using four samples from the weight bearing tibial plateau and femoral
condyles each, and three from the infra-patellar synovium, from predeﬁned
locations as described before11. Fixed samples were sectioned and stained
with safranin-Oefast-greeneironehaematoxylin and haematoxylineeosin for
cartilage and synovium, respectively. Sections were scored blinded and in
random order by two independent observers using the slightly modiﬁed45 cri-
teria of Mankin46 and the slightly modiﬁed Goldberg and Cohen score44 for
cartilage and synovium, respectively. The scores were averaged of the spec-
imens from each joint surface (n¼ 4, each) and synovial tissue (n¼ 3) and of
the two observers (maximum scores 11 and 10, respectively).
Cartilage biochemical parameters were measured in six individually han-
dled explants, taken form each joint surface from identically paired mirrored
locations of the contra-lateral control joint and experimental joint. The aver-
age of each of the six samples was taken as a representative of that joint sur-
face and was used for statistical analysis11.
As a measure of cartilage matrix proteoglycan content, glycosaminoglycans
(GAGs) in papain digests of the cartilage tissue explants were precipitated and
stained with Alcian Blue47. Blue staining was quantiﬁed photometrically with
chondroitin sulphate as a reference. Results were normalized to the wet weight
and expressed as mg GAGs per gram wet weight of tissue48.
As a measure of proteoglycan synthesis the rate of sulphate incorporation
was determined ex vivo by a 4 h 35SO4
2 incorporation49. GAGs in papainTable I
Control knee joints in the ACLTe
Condyles
ACLTeMX Groov
Mean S.E.M. Mean
Cartilage integrity
Macroscopic degeneration grade (#) 0.0 0.0 0.1
Microscopic degeneration modiﬁed
Mankin grade (#)
0.1 0.1 0.2
Proteoglycan content
(mgGAGs/g tissue ww)
40.9 3.4 33.6
Chondrocyte activity
Proteoglycan synthesis rate
(nmol SO4
2/h g tissue ww)
9.5 2.5 11.7
Proteoglycan release in 3 days (%)2 6.8 1.6 11.0
ACLTeMX
Mean
Inflammation
Macroscopic inﬂammation grade (#) 0.7
Microscopic inﬂammation modiﬁed
Goldberg and Cohen score (#)
0.9
Mean (S.E.M.) of the absolute baseline values of the cartilage integrity,
of both models. P Values indicate differences between the ACLTeMX- adigests were precipitated with cetylpyridium chloride, and 35SO4
2-labelled
GAGs were measured by liquid scintillation counting. Results were normal-
ized to the speciﬁc activity of the medium, labelling time, and wet weight of
the samples and expressed as nmol of sulphate per hour per gram wet
weight of cartilage48.
For total proteoglycan release Alcian Blue staining of the GAGs in 3-day
culture media was quantiﬁed photometrical with chondroitin sulphate as a ref-
erence. The release was normalized to the GAG content of the cartilage
explant and expressed as percentage GAG release49.DATA PRESENTATION AND STATISTICAL EVALUATIONThe absolute values for GRFs for both hind legs at baseline are given in
Table I. The absolute data for cartilage and synovial tissue parameters of the
contra-lateral control joints has been presented in Table II. For comparison
between the two groups ManneWhitney U test was used. Signiﬁcance of
the changes, viz. the differences between the control and experimental
joints, was calculated by use of Wilcoxon signed rank test. For statistical
evaluation over time of the radiographic changes and FP measurements
the general linear model for repeated measurements was used. P< 0.05
is considered statistically signiﬁcant.ResultsCOMPARISON OF BOTH MODELS FOR CONTROL JOINTSTable I depicts the absolute peak GRFs at baseline
values (t¼ 0; before surgery) for both joints and both
models. No differences in the GRFs were found betweenI
MX- and the Groove-model
Plateau
e P< ACLTeMX Groove P<
S.E.M. Mean S.E.M. Mean S.E.M.
0.1 ns 0.1 0.1 0.3 0.1 ns
0.1 ns 1.4 0.2 0.8 0.1 ns
1.2 ns 32.5 2.8 29.2 1.3 ns
2.4 ns 5.0 1.3 5.8 1.0 ns
0.9 ns 14.4 1.0 22.0 1.5 0.01
Synovial tissue
Groove P<
S.E.M. Mean S.E.M.
0.2 1.4 1.1 ns
0.2 2.0 0.6 ns
chondrocyte activity, and synovial inﬂammation for the control joints
nd the Groove-model.
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equal loading for both models.
Table II provides absolute values for cartilage integrity
(macroscopic, histologic damage, and cartilage proteogly-
can content), chondrocyte activity (proteoglycan synthesis
and release), and synovial inﬂammation (macroscopic and
histological). Except for one, none of the parameters were
statistically signiﬁcantly different between both groups.
Only proteoglycan release of the tibial plateau was different
between the control joints of both models.c
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imental joints at the expected locations and the overall
osteophyte score increased signiﬁcantly (P< 0.05) over
time from week 0 till week 12 for the ACLTeMX-model
and from week 4 to week 12 for the Groove-model
(Fig. 1). No osteophytes were found in contra-lateral control
joints at any time of the study (data not shown). The degree
of radiological changes was at all time points statistically
signiﬁcantly higher in the ACLTeMX-model when com-
pared to osteophyte formation of the Groove-model.20
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0 2 4 6 8 10 12The change in gait (Fig. 2) of the experimental leg was
comparable for both models, although the degree was
signiﬁcantly different. A signiﬁcant (P< 0.05) decrease of
all three peak GRFs of the experimental leg was seen after
induction of joint degeneration, ranging from 70 to 80% in
the ACLTeMX-model and from 20 to 40% in the Groove-
model, statistically different between both models
(P< 0.05). The decrease gradually levelled off, still signiﬁ-
cant at week 12 for the ACLTeMX-model, but not always
for the Groove-model. In the ACLTeMX-model the severe
decrease in GRFs was compensated for by increased
GRFs in the contra-lateral hind leg, especially concerning
braking and propelling forces (Fig. 2). In the Groove-modelweeks after surgery
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Fig. 1. Mean overall osteophyte formation scores (S.E.M.) over
time from the predeﬁned locations on the medio-lateral view (black
and hatched) and the posterioreanterior (grey and white) view, for
the ACLTeMX- (black and grey bars) and the Groove-model
(hatched and white bars). There was a signiﬁcant (P< 0.05) in-
crease in the overall osteophyte score from week 4 till week 12 in
the Groove-model and from week 0 till week 12 for the ACLTeMX-
model . The ACLTeMX-model had at a l l t ime po in ts a
signiﬁcant (P< 0.05) higher score than the Groove-model. No
osteophytes were found in control joints at any time of the study
(not shown).
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Fig. 2. Percentage difference from the baseline of the peak GRFs:
braking (A), vertical stance (B) and propelling forces (C) of the hind
legs in dogs of the ACLTeMX- and the Groove-model. Mean values
(S.E.M.) are given. Asterisk indicates signiﬁcant (P< 0.05) differ-
ence from the baseline value for each leg individually. For the ex-
perimental joints the ACLTeMX-model was at all time points
statistically signiﬁcant (P< 0.05) different from the Groove-model.
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hardly seen in any of the peak forces.CARTILAGE INTEGRITYMacroscopic evaluation of the cartilage 12 weeks after
induction of joint degeneration revealed clear damage
(P< 0.05) of the cartilage of the experimental joint of the
ACLTeMX-model as well as of the Groove-model com-
pared to the contra-lateral control joints [Fig. 3(A)]. The
damage was observed in the femoral condyles as well as
in the tibial plateau. For the femoral condyles the degree
of cartilage damage was statistically signiﬁcant higher for
ACLTeMX-model than for the Groove-model. This ap-
peared the opposite for the tibial plateau.
Histologic evaluation showed increased cartilage damage
in femoral condyles and tibial plateau of the experimental
joint compared to the contra-lateral (control) joint for both
models [all P< 0.05; Fig. 3(B)], supporting the macroscopic
ﬁndings. Characteristics such as loss of safranin-O staining,
ﬁbrillation of the articular surface and chondrocyte clustering
were clearly visible in both models (data not shown). No sta-
tistically signiﬁcant differences were found between both
models, although the Groove-model tended to display less
cartilage damage than the ACLTeMX-model [Fig. 3(B)].ACLT
Groove
macroscopic cartilage damage
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Fig. 3. Cartilage integrity in ACLTeMX- and Groove-model. Mean values
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indicates a signiﬁcant (P< 0.05) difference between the experimental jo
between the ACLTeMX- and the GrooThese results were further supported by the biochemical
analysis of the proteoglycan content. In both models the
proteoglycan content was signiﬁcantly decreased in the
experimental joints compared to the contra-lateral control
joints for both femoral condyles and tibial plateau [all
P< 0.05; Fig. 3(C)]. This decrease in proteoglycan content
was statistically signiﬁcantly greater in the ACLTeMX-
model compared to that of the Groove-model for the femoral
condyles. The same difference, although not statistically
signiﬁcant, was observed for proteoglycan content of the
tibial plateaus.CHONDROCYTE ACTIVITYThe parameters of chondrocyte activity also showed
osteoarthritic characteristics in both models at 12 weeks
post-surgery. Synthesis rate of the proteoglycans, as an
attempt to repair the damaged cartilage, was signiﬁcantly
(P< 0.05) higher in both femoral condyles and tibial
plateaus in the experimental joints, compared to the con-
tra-lateral control joints of the ACLTeMX-model. The small
increase in synthesis rate of proteoglycans in the Groove-
model was not statistically signiﬁcant [Fig. 4(A)]. Evidently
the increase in synthesis rate of cartilage matrix proteogly-
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Fig. 4. Chondrocyte activity in ACLTeMX- and Groove-model. Mean values (S.E.M.) of the percentage change (%) of the control joint are
given for proteoglycan synthesis (A) and percentage of total proteoglycan release (B) for the femoral condyles and tibial plateau in the
ACLTeMX- (light grey) and the Groove-model (dark grey). Asterisk indicates a signiﬁcant (P< 0.05) difference between the experimental joint
and the contra-lateral control joint. P Values for the difference between the ACLTeMX- and the Groove-model are given in the ﬁgure.
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plateau, although for the femoral condyles this did not reach
signiﬁcance [Fig. 4(A)].
Percentage total proteoglycan release including both
newly formed and resident proteoglycans, was signiﬁcantly
higher [P< 0.05; Fig. 4(B)] in the experimental joint
compared to the contra-lateral control joint for both femoral
condyles and tibial plateau in both models. In the ACL-
TeMX-model greater proteoglycan release is seen than in
the Groove-model, which reached statistical signiﬁcance
for the tibial plateau cartilage only [Fig. 4(B)].INFLAMMATORY RESPONSEMacroscopic evaluation of the synovial tissue revealed
an increase [P< 0.05; Fig. 5(A)] in inﬂammatory character-
istics in the experimental joint compared to the contra-lat-
eral control joint in the ACLTeMX-model. In contrast, no
signiﬁcant differences were found for macroscopic synovial
inﬂammation in the Groove-model. The inﬂammatory activ-
ity was signiﬁcantly more severe in the ACLTeMX-model
than in the Groove-model (P< 0.035). macroscopic synovial inflammation
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Fig. 5. Inﬂammatory response in ACLTeMX- and Groove-model. Mean va
(A) and histological (B) scores of the synovial membrane for the femora
Groove-model (dark grey). Asterisk indicates a signiﬁcant (P< 0.05) diffe
joint. P Values for the difference between the ACLTeMThe histological evaluation of the synovial membrane con-
ﬁrmed these results by demonstrating a signiﬁcant increase
in inﬂammatory characteristics in the experimental joint
compared to the contra-lateral control joint in the ACLTe
MX-model [P< 0.05; Fig. 5(B)], and no statistically signiﬁ-
cant change in the Groove-model. The difference between
both models was not statistically signiﬁcant [Fig. 5(B)].Discussion
This study shows, for the ﬁrst time a combination of ACLT
with medial MX in the Labrador Retriever, providing
a moderate to severe canine model of joint degeneration,
with characteristics of osteoarthritis. In comparison, the
Groove-model is a milder and less painful model with similar
characteristics. Characteristic changes in cartilage integrity,
chondrocyte activity, and synovial inﬂammation are present
at 12 weeks after induction. During the course of joint
degeneration, osteophyte formation and gait as marker of
pain and disability can be objectively detected. For all pa-
rameters including synovial inﬂammation, the combinationhistologic synovial inflammation
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the Groove-model.
In dogs secondary medial meniscal injury is seen in
weeks to months following ACL-rupture50, with an incidence
of 20% within the ﬁrst 3 months increasing to 86% at half
a year after ACL-rupture51. Meniscal damage will contribute
to suddenly occurring severe joint pain50,52 and progression
of joint degeneration53. Since evaluation of pain and disabil-
ity by use of FPA of gait was one of the major outcome
parameters in the comparison of both models, ACLT was
combined with medial MX to prevent suddenly increased
lameness due to meniscal damage. Moreover, with this
ACLTeMX-model we developed a moderate to severe
canine model of joint degeneration allowing evaluation of
multiple characteristics at a macroscopic, histochemical
and biochemical level in a relatively short time frame.
The canine Groove-model of joint degeneration repre-
sents another form of naturally occurring joint disease.
The Groove-model in Beagle dogs has been reported to
display characteristics of joint degeneration at 10 weeks
very similar to those seen in the Beagle ACLT-model at
10 weeks11. With respect to cartilage damage these charac-
teristics were slightly progressive over time, whereas syno-
vial inﬂammation tended to decrease from 20 to 40 weeks
of follow-up11,36. Because there is no permanent trigger
driving the joint damage, other than the intrinsic cartilage
damage, the model is a mild model of osteoarthritis with
minor inﬂammation11,36.
In general, more severe joint degeneration was found in
the ACLTeMX-model than in the Groove-model. When
the Groove-model was compared to the ACLT-model with-
out medial MX, parameters of cartilage damage at 10
weeks post-surgery were very similar between both
models11. From this it may be concluded that ACLT com-
bined with medial MX indeed results in more severe carti-
lage damage than ACLT alone, not surprisingly knowing
that MX itself is a model of joint degeneration and a cause
of increased risk of naturally occurring joint disease35,54.
Only macroscopic cartilage damage of the femoral condyles
was more severe in the Groove-model than in the ACLTe
MX-model. This ﬁnding can be explained by the fact that
the induction of cartilage degeneration in the Groove-model
consists of the application of grooves in the cartilage of both
femoral condyles. However, it is demonstrated that the
characteristic of joint damage observed in the Groove-
model are not just the expression of the surgically applied
damage, but are the results of progressive features of pro-
gressive joint degeneration37.
Interestingly, the severity of joint damage in the Labrador
Retriever Groove-model at 12 weeks is comparable to the
severity in the Beagle dog at 10 weeks11. The difference
between both models, in addition to the difference in canine
breed, is that in the originally described Beagle Groove-
model, intensiﬁed loading of the affected joint was forced
for 4 h/day, 3 days/week during spontaneous movement.
In the present study locomotion was standardized on
a treadmill for only 20 min/day, 5 days/week.
The more severe inﬂammatory response in the
ACLTeMX-model could be anticipated as the original
ACLT-model is characterized by more synovial inﬂamma-
tion in comparison to the Groove-model11,36. Most likely
this is caused by repeated trauma in the instable joint which
contrasts the one time trigger of the Groove-model. Also
more severe initially evoked surgical trauma (ACLT with
MX) may be of inﬂuence.
The radiological observed osteophyte formation found in
both models is in agreement with the radiological changesfound in spontaneously occurring osteophytosis in joint
degeneration clinically deﬁned as being osteoarthritis of
the stiﬂe joint in dogs55,56. The appearance and progress
of osteophytosis follow similar patterns in both models
during the course of the study, although more severe in
the ACLTeMX-model than in the Groove-model.
Sequential analysis of GRFs revealed more severe
lameness in the ACLTeMX-model than in the Groove-
model of the experimental leg. The changes in GRFs in
the ACLTeMX-model were at all time points higher than
in the Groove-model. Propelling is the main function of
the hind leg of animals15,57 and therefore the propelling
force (in addition to stance and brake force) is important
for recovering from injury. Extension of the stiﬂe joint, in
order to break the velocity, is especially painful in case of
cranial cruciate ligament deﬁciency, which may explain
the signiﬁcant decrease in braking force in the dogs with
the ACLTeMX-model, contrasting the Groove-model where
values were not differing from normal 6 weeks after induc-
tion of joint degeneration. During the course of the study,
dogs of both groups used the leg signiﬁcantly less during
maximal vertical loading, although in the Groove-model to
a much lesser extend. Other studies that used the ACLT-
model showed a reduction of limb loading of about
50%33,58 at 12 weeks post-surgery. In our study we found
a reduction of limb loading of approximately 20%. The
reason for this difference may result from a difference in
velocity during GRF measurements, viz. trotting velocity
compared to walking gait. Changes of the GRF in the
Groove-model were small, demonstrating the necessity to
use FPA to evaluate objectively pain and disability in these
models.
In conclusion, the ACLTeMX-model demonstrates all the
characteristics of progressive joint degeneration and can be
designated as a moderate to severe model of degenerative
joint damage as seen in osteoarthritis, in which cartilage
degeneration is driven by acute biomechanical changes
due to joint instability combined with clear synovial inﬂam-
matory activity. The Groove-model can be designated as
a less painful and signiﬁcantly milder model of joint degen-
eration; due to the lack of synovial inﬂammation but with
cartilage lesions in both femoral and tibial cartilage, this
model is expectedly more susceptible to study subtle
changes as a result of intervention than the more robust
ACLTeMX-model.
For both models longitudinal evaluation of osteophytosis
and gait, the latter as a measure of pain and disability, are
important and reliable measures for evaluation of therapeu-
tic strategies in these models.Conﬂict of interest
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